Charging effects are investigated in metal-insulator-semiconductor structures containing amorphous Si quantum dots (a-Si QDs) in silicon nitride film grown by plasma-enhanced chemical vapor deposition. For large-size a-Si QDs, one electron or one hole is stored in one a-Si QD. The quantum size effects on the charging/discharging are observed to be larger for electron than hole, and a small width of capacitance-voltage hysteresis is observed in small-size a-Si QDs due to lowering of tunneling barrier in QDs by the size effect. Multiple charging states are also achieved by incrementing an applied voltage without changing its sign. This novel charging behavior is induced by positively charged a-Si QDs of which the surface states due to nitrogen dangling bonds play dominant roles in charging properties such as electron storage.
I. INTRODUCTION
Strong light emission from silicon nanostructures in the visible spectrum has recently received considerable attention in terms of their applications in optoelectronic devices [1] [2] [3] [4] . The optical transition in those systems is direct in nature and therefore, its rate is very high compared with bulk silicon. These structures have also led to the development of electronic devices such as single electron transistors, switching devices, and memory devices [5] . There have been reports on several observations of charge storage effects in silicon nanostructures and their potential applications in memory devices [6] [7] [8] [9] . Siliconbased nm-size memory devices are very interesting because they have novel characteristics such as long-term charge storage, fast response, and quasi-nonvolatility [6, 8, 10] . This kind of memory device is based on the charging effects such as flatband voltage shift ( V F B ) in metal-insulator-semiconductor (MIS) structures containing silicon nanocrystals of 3-10 nm in the silicon oxide insulator [9] [10] [11] [12] . However, the size of the nanocrystal has been little considered experimentally. The size of the nano-crystal has influence on the tunneling barrier height and charge loss because of quantum size effect * E-mail: nmpark@etri.re.kr although the tunneling barrier thickness is fixed. This effect is critical to nonvolatility of nano memory device. If the silicon oxide layer is substituted for silicon nitride containing amorphous Si quantum dots (a-Si QDs), the effect of barrier height on carrier charging/discharging in a-Si QDs could be easily observed with a variation of dot size because the barrier height of silicon nitride (1.5 ∼ 2.0 eV) is lower than that of silicon oxide (3.1 ∼ 3.8 eV). These devices are also sensitive to the surface states of nanostructures because only a small number of electrons are used in their memory operations, and hence the surface states can affect the device performance. In this study, all electrical characteristics were achieved by macroscopic measurements because the mentioned nano memory is based on multiple-dot-system which means that this device uses many dots, while each of them contains one electron or hole. This study reports charging effects in a-Si QDs depending on the dot size and the surface state of dot by quantum confinement and Coulomb charging effects. Multiple charging states in such structures were also achieved by incrementing the applied voltage in steps without changing its sign. We discuss these results based on the variation of tunneling barrier height by the reduction of dot size and the surface states of a-Si QDs.
II. EXPERIMENT
45-nm silicon nitride films containing a-Si QDs were grown on n-type (100) Si substrates by plasma-enhanced chemical vapor deposition (PECVD), where nitrogendiluted 5 % silane (SiH 4 ) and additional nitrogen (N 2 ) gas were used as the reactant gas sources. The flow rate of SiH 4 was maintained at a constant level of 10 sccm but the flow rate of N 2 was varied from 500 to 800 sccm to control the dot size. The total pressure was fixed at 0.5 Torr. The growth temperature was maintained at 300
• C. The samples are classified as three kinds, denoted as large-dot, small-dot sample-A, and -B whose dot sizes are 2.0 and 1.4 nm, respectively. For comparison, a MIS structure using a silicon nitride film without a-Si QDs was also fabricated. 80-nm Al layers were deposited on both the top of films and the backside of the substrates by e-beam evaporator and the size of the top metal contact was 30 × 30 µm 2 . Capacitance-voltage (C-V) characteristics were measured with a HP 4284A precision LCR meter at 1 MHz. Fourier-transform infrared (FTIR) and photoluminescence (PL) spectroscopy were also employed to characterize the chemical bonding configurations as well as the optical properties of a-Si QDs. FTIR spectra were obtained by scanning the range of wavenumbers from 500 to 4000 cm −1 with a resolution of 4 cm −1 . A charge coupled device detector was used for the PL measurement at room temperature and a He-Cd 325-nm laser was used as the excitation source. Figure 1 compares typical C-V hysteresis curves of large-dot sample with those of a normal sample. Normal sample is defined as a MIS structure without a-Si QDs in the silicon nitride film. Voltages up to 6 and 20 V were applied to normal sample and large-dot sample, respectively, because breakdown occurred above those voltage limits for each sample.
III. RESULTS AND DISCUSSION
There have been several studies indicating that memory or charging effects are induced by voltage stress in silicon oxide layers [13] [14] [15] . Two types of traps responsible for the charging effects in conventional MIS structures are usually distinguished as bulk traps in the insulator and interface states at the insulator/semiconductor substrate [16] . In Fig. 1(a) , the normal sample shows no shift in C-V hysteresis loop with increasing the width of sweep voltage from 8 to 12 V. If the C-V hysteresis is due to bulk traps in the silicon nitride film, its width should be proportional to the width of sweep voltage because V F B is strongly dependent on voltage stress in this case [17] . However, the C-V hysteresis of normal samples is independent of sweep voltage width in Fig. 1(a) , and therefore, it is believed to result from the silicon nitride/Si interface states. The large-dot sample showed very different behaviors. The interface trap density is considered to be low because the width of the C-V hysteresis of a-Si QD samples is much smaller than that of a normal sample in the same width of sweep voltage. In Fig. 1(b) , it is clearly noted that the shift of C-V curve with respect to the curve with no hysteresis is larger during a sweep of −V → +V (hole charging) than during a sweep of +V → −V (electron charging). An increment in the width of sweep voltage induces a considerable shift in the width of the C-V hysteresis of which the magnitude ( V F B ) reaches up to about 11 V. V F B for a single charge per QD is approximately given by [10] 
where t SiN , thickness of the nitride film containing a-Si QDs, is about 45 nm, t well is the linear dimension of the QD, SiN , permittivity of SiN, is 7.5, Si , permittivity of a-Si, is assumed to be that of crystalline Si, 12 0 , q is the magnitude of the electronic charge, and n well is the density of the QDs. For the large-dot sample, dot density is estimated as 4.6 × 10 12 cm −2 by high-resolution transmission electron microscopy, and the C-V shift is calculated as 5.0 V for one carrier per QD. This value is similar to V F B for electron charging, determined as 4.7 eV from C-V curves in Fig. 1(b) . Therefore, one electron is considered to be stored in one a-Si QD, in other words, almost all QDs are charged. The Coulomb charging energy, e 2 /2C, where C is a self-capacitance of a-Si QD, is about 95 meV, which is larger than thermal energy. This indicates that there exist a saturation number of electrons that are accommodated in the a-Si QDs.
V F B for hole charging is somewhat larger as 6.5 V, whose origin is not clear at this stage. Small-dot sample-A shows a smaller width of C-V hysteresis than large-dot sample, as shown in Fig. 2(a) .
This could be caused by two factors. One is the decrease in dot density and the other is the decrease in charge density. The charged dot density of small-dot sample is estimated as 2.6 × 10 12 cm −2 by inserting 1.4 V as V F B from the upper equation, but its total dot density is determined to be about 1.8 × 10 13 cm −2 by high-resolution transmission electron microscopy. Therefore, the ratio of charged dot density to total dot density is very low compared with the large-dot sample, and the decrease of the hysteresis width in small-dot sample seems to result from the decrease in charge density. These behaviors could be explained by lowering of tunneling barrier height in a-Si QDs due to quantum confinement effect. It has been reported that the shift of energy level in conduction band is larger than in valence band by quantum confinement effect in a-Si quantum well [18] . This effect is expected to be larger in a-Si QD than in a-Si quantum well because of three dimensional quantum confinement effect.
The tunneling barrier for electrons in a-Si QDs becomes more lowered than for holes as the dot size decreases. This explains the decrease in the width of the hysteresis curves and the asymmetric changes in V F B 's ( V F B : 4.7 V → 1.4 V for electron charging, V F B : 6.5 V → 2.9 V for hole charging) with decreasing size of a-Si QDs. In Fig. 2(b) , the small-dot sample-B shows very different charging behaviors despite of the same dot size as small-dot sample-A. A shift of the C-V curve is observed only during a sweep of +V → −V, but no shift in the opposite sweep direction. The C-V curve is shifted towards positive voltages by increasing the upper bound of the sweep range up to 8 V, and then for voltages > 8 V, it is shifted towards opposite direction, i.e., towards negative voltages. To explain observed novel charging effects, it is assumed that a-Si QDs in the silicon nitride layer are positively charged, which shifts the C-V curves towards negative voltages with respect to the ideal C-V curve for such structures [16] . This assumption is consistent with the form of the C-V curves with no hysteresis in Fig. 2(b) . In addition, it has been shown that silicon nanocrystals can be positively charged [9] . The shifts of C-V curve from the ideal C-V curve are −1.64 V and −3.81 V for the small-dot sample-A and -B, respectively, as shown in Fig. 2 . Therefore, much more QDs are positively charged in the small-dot sample-B, which makes it difficult for extra hole charging to occur during a sweep of −V → +V. This explains why there exists no shift in the C-V curve during a sweep of −V → +V in the small-dot sample-B. For simplicity, interface traps are neglected in this discussion because the silicon nitride/Si interface states should be low, judging from no hysteresis in C-V curve in the small range of voltage sweep, as shown in Fig. 2 . Some of the positively charged a-Si QDs are neutralized by trap of electrons injected from the accumulation layer in the Si wafer during a sweep of +V → -V. This causes a shift in the C-V curve towards positive voltages. However, when a higher voltage for upper bound of sweep range is applied, electron-transfer between a-Si QDs towards top metal contact occurs by a strong field. Some of neutral a-Si QDs near Si wafer are then positively charged by the remaining holes. If the hole charging caused by this effect is larger than the electron charging caused by electron injection from Si wafer, a shift in the C-V curve towards negative voltages can be observed, as shown in Fig. 2(b) . These results Fig. 3 . PL spectra of small-dot sample-A and -B. The peak positions are similar in both samples, but the peak intensity of the small-dot sample-A is almost 4 times stronger than that of the small-dot sample-B.
are very interesting because many charging/discharging states, namely, multiple storage in memory device can be achieved only by incrementing the voltage in steps without changing its sign. PL spectroscopy was used to investigate the origin of the difference in the charging properties between small-dot sample-A and -B. The PL intensity of a small-dot sample-A is almost 4 times stronger than that of a small-dot sample-B, as shown in Fig. 3 .
This could be attributed to lower QD density and/or larger defect density (surface state of QD and/or bulk defect) in small-dot sample-B. In Fig. 2 , the C-V shifts towards positive voltages for each sample are similar as 1.4 and 1.6 V, respectively, that is, total charged electron densities are similar for both kinds of samples. Therefore, combined charge-trap (QDs and defects) density in the small-dot sample-B is thought to be almost same with that of the small-dot sample-A, which indicates lower QD density and larger defect density in small-dot sample-B in line with their weaker luminescence. These results are also confirmed by FTIR analysis, as shown in Fig. 4 .
It is believed that Si-N, Si-H, and Si-Si modes are mixed to produce the spectra from 800 to 1050 cm −1 in a-Si QD samples, based on the reference spectra of amorphous silicon nitride and a-Si films grown by PECVD, as shown in Fig 4(a) . In the small-dot sample-A, an additional absorption feature is observed at about 3350 cm −1 which corresponds to the N-H bond. The N-H bonding mode at 3350 cm −1 , related to the formation of a-Si QDs [2] , is not observed in conventional amorphous silicon nitride film grown by SiH 4 and N 2 plasma as shown in Fig.  4(a) . The N-H bonding is, therefore, considered formed at the surface of a-Si QDs and closely related to the surface states of QDs. However, this mode is not seen in the small-dot sample-B of Fig. 4(b) , which means that a lot Fig. 4 . FTIR spectra of (a) α-Si and amorphous silicon nitride (α-SiNx) grown by PECVD, and (b) small-dot sample-A and -B. A strong absorption peak at 3350 cm −1 is observed only in small-dot sample-A, which is related to N-H bond at the surface of α-Si QDs.
of nitrogen dangling bonds are not passivated with hydrogen at the surface of QDs in the small-dot sample-B. It has been reported that nitrogen dangling bonds could contribute to positively charged defects [19] . This fact is consistent with the above discussion that much more QDs are positively charged in the small-dot sample-B. Electrons injected into a-Si QDs will fill first the deep states related with nitrogen dangling bonds at the surface of a-Si QDs, and then the shallow states inside a-Si QDs. However, most electrons are believed to fill the deep states, and the nitrogen dangling bonds, therefore, have a dominant effect on the electron-transfer between QDs. Therefore, weak PL of small-dot sample-B is related to the surface state of a-Si QD that plays a major role in the characteristic charging behavior. Figure 5 shows the charge retention characteristics for the two kinds of samples, large-dot sample and small-dot sample-A. Electron or hole charge loss was monitored after the samples were fully charged at ±20 V for 2 ∼ 5 sec, respectively. Charged carriers in a-Si QDs would be discharged into the substrate directly or through defect states [6] . For the charge loss in this work, the direct tunneling into the substrate would be a dominant process because the charge loss was monitored at midgap voltage [20] . The observed retention times are large compared to conventional memory [21] . This clearly shows potential applications of a-Si QDs in nonvolatile memory device with retention times much longer than conventional floating gate memory device. For small-dot sample-A as shown in Fig. 5(b) , loss rate of electron charge is larger than that of hole charge. This can be attributed to lower tunneling barrier for electrons induced by size reduction, consistent with the asymmetric changes in ∆V F B 's, as shown above. This suggests that the electron charge storage could be more easily distinguished from the hole charge storage in a system with small-size a-Si QDs due to lower tunneling barrier resulting from the quantum Fig. 5 . Long-term charge retention characteristics of (a) large-dot sample and (b) small-dot sample-A. Charge-loss rates were monitored at 1 V for electrons and at −5 V for holes after injecting electrons/holes at ±20 V for 2 sec, respectively in (a). The monitoring voltages were −1.5 V and −2.5 V for electrons and holes, respectively, while the charging times was 5 sec for both cases in (b).
confinement effect. Figure 6 compares charge-retention characteristics of the small-dot sample-A with those of the small-dot sample-B, where the small-dot sample-B shows a large charge-loss rate. After electron injection into QDs of the small-dot sample-B, their charge density decreases gradually with time, resulting in a drop of 50 % in its magnitude at 1000 sec, while the charge density of the small-dot sample-A persists almost without loss for 1000 sec. Large charge-loss rate due to surface states have been reported before in Si nanocrystals Fig. 6 . Charge-retention characteristics of the small-dot sample-A at -1.5 V and the small-dot sample-B at -6 V after electron injections at 20 V for 5 sec and 10 sec, respectively. The charge-loss rate of the small-dot sample-B is larger than that of the small-dot sample-A.
[6] and, therefore, the surface states of a-Si QDs seem to cause an enhancement in the charge-loss rate in the small-dot sample-B.
Small-dot sample-A was grown using a plasma power of 6 W and small-dot sample-B using a slightly lower plasma power of 5 W. The mean sizes of a-Si QDs grown under these growth conditions were not changed but the surface states of a-Si QDs were influenced by changes in the plasma power. Therefore, if densities of surface states and a-Si QDs can be suitably controlled, a promising memory will be possible, which shows non-volatility and multiple charge states operating simply with the magnitude of the applied voltage without changing its sign.
IV. CONCLUSION
C-V hysteresis characteristics indicative of charging effects were observed in a-Si QDs embedded in silicon nitride films grown by PECVD. Charging/discharging behaviors were shown to depend on the dot size and the surface state of dots. For large-dot (2 nm) sample, one electron or hole was stored in one dot. The size effects on charging/discharging were larger for electrons because the shift of conduction band is larger than that of valence band by size reduction in a-Si QD. Multiple charging states were also observed by incrementing the applied voltage in steps without changing its sign. This novel charging effect, found only in the samples in which most of a-Si QDs are positively charged, was explained by the electron-transfer between the QDs. The defect states due to nitrogen dangling bonds at the surface of a-Si QDs had a great effect on the characteristics of electron storage and long-term charge retention of a-Si QD MIS structures.
